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Introduction
Hydrogen sulfide (H 2 S) is a well-known toxic gas that can be produced or can be a byproduct of several processes such as oil refining, coal or natural gas manufacturing, fuel cells, or food processing industries. This gas is dangerous for human health even at low concentrations: exposure at 250 ppm can seriously injure the human body and even cause death, 1 so the threshold limit for human exposure is usually set by governmental legislation (for example, in the United States it is 10 ppm for every 10 min of exposure, with the exposure level decreasing with time). 2 In addition, H 2 S can act as a poison that severely degrades the activity of catalysts and electrochemical devices. 3 As a result, great effort has been spent in developing materials for highly sensitive and selective hydrogen sulfide sensors and in developing new efficient and lowcost devices capable of real-time fast detection of even very small amounts of H 2 S; most of the literature in this field deals with resistive electrical sensor devices, where the active materials are powders 4-6 or thin 7,8 or thick films. 9,10 Most of the sensing materials reported in H 2 S detection are CuO, SnO 2 , ZnO, WO 3 , or a combination of them. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Some others techniques are based on the detection of the products generated from the interaction of H 2 S with the sensor materials, i.e., sulfide species analyzed by gas chromatography, [27] [28] [29] [30] high-pressure liquid chromatography (HPLC), 31 or electrochemical methods. 32 An alternative innovative detection mode is related to optical gas sensing where the changes in the optical properties of the device are analyzed. Developing materials tailored to accomplish such a task is very relevant to current material science research. However, only few examples of optical H 2 S sensors have been reported so far, and most of them depend on organic dyes or organic complexes of transition metals as active materials, [33] [34] [35] although some articles discussing fully inorganic optical gas sensors have been published. [36] [37] [38] In this paper, we report the synthesis and characterization of TiO 2 -NiO thin films containing Au nanoparticles (NPs) and the determination of their optical gas sensing properties toward different gases (H 2 , CO, propane, and H 2 S). While most of the literature concerning TiO 2 -NiO nanocomposite materials deals with catalysis [39] [40] [41] [42] and photocatalysis, [43] [44] [45] and other particular applications of these systems are electrochromism, [46] [47] [48] solar cells, 44, 49 and supercapacitors, 50 only few gas sensing studies on similar material have been reported so far. [51] [52] [53] In particular, neither the optical gas sensing properties of TiO 2 -NiO films nor studies on Au NPs dispersed inside TiO 2 -NiO films have been reported. The two specific metal oxide components, i.e., TiO 2 and NiO, were selected for the nanocomposite thin films because of the known catalytic and sensing properties of these materials, and the embedding of Au NPs was performed to enhance the optical sensitivity of the nanocomposites. The results presented here indicate that the tested nanocomposite is particularly active and selective toward H 2 S detection, and an explanation of the possible sensing mechanism is discussed.
Experimental Procedures
The nanocomposite films were obtained by the sol-gel method; different solutions were prepared according to the desired final composition of the sample. Figure 1 summarizes the overall synthetic procedure we adopted to obtain the final nanocomposite films. The precursor TiO 2 solution involved the controlled hydrolysis of titanium(IV) butoxide (TiBu) in a mixture of ethanol and water, in the presence of 2,4-pentanedione [or acetylacetone (AcAc)]. Acetylacetone coordinates the titanium precursor molecules through a slightly exothermic reaction, while ethanol decreases the overall viscosity of the solution. TiBu, AcAc, and ethanol were first mixed at 1:1.6:5 molar ratios and allowed to react with stirring for 20 min in a closed vessel, to create the AcAc-TiBu complex. Then water was added according to a 1:4 Ti:H 2 O molar ratio, and the solution was left to stir for an additional 10 min. We prepared the precursor NiO solution separately by dissolving NiCl 2 3 6H 2 O (nickel chloride hexahydrate) in ethanol and adding it to the TiO 2 solution with constant stirring, according to the desired Ti:Ni molar ratio (7:3, 5:5, or 3:7), and letting it stir for 20 min before deposition (hereafter called TiO 2 -NiO solution). We prepared TiO 2 -NiO films containing Au NPs by adding, 10 min before deposition, a solution of HAuCl 4 3 3H 2 O (hydrogen tetrachloroaurate trihydrate) in ethanol to the TiO 2 -NiO solution, leading to a 0.05 Au:(Ti þ Ni) molar ratio. We prepared Au-free samples by diluting the TiO 2 -NiO solution with ethanol to obtain the same precursor concentration of the Au-containing solution, kept constant at 50 g/L based on the nominal weight of TiO 2 and NiO. Pure TiO 2 and Au-TiO 2 samples were also prepared for the purpose of comparison, according to the same procedure, replacing the NiO solution with ethanol. In a typical synthesis for a 50:50 TiO 2 -NiO sample, 0.55 mL of titanium butoxide was added to 0.47 mL of EtOH under stirring; 0.266 mL of AcAc was subsequently added and the solution stirred for 20 min, and then 0.117 mL of water was slowly added under vigorous stirring. In two separate vessels, 0.384 g of NiCl 2 3 6H 2 O was dissolved in 2.95 mL of EtOH and 51 mg of HAuCl 4 3 3H 2 O was dissolved in 0.647 mL of EtOH. The TiO 2 and NiO solutions were mixed under stirring, and the Au solution or 0.647 mL of EtOH was eventually added, leading to Au-containing or Au-free solutions, respectively. All the solutions were prepared in 10 mL glass vials.
The final solution was then deposited on either SiO 2 glass or Si substrates. The spin coating technique was chosen for film deposition, with the rotating speed ranging from 2500 to 4000 rpm at room temperature (20°C) and under constant nitrogen flux to keep humidity under 5%, to prevent uncontrolled condensation of the TiO 2 matrix. Samples were annealed directly at 500°Cinair for 1 h in a preheated oven. When desired, subsequent treatment at 600°C for 30 min was performed. In the following, we adopt the XTiO 2 -(100-X)NiO classification to indicate the samples with different nominal compositions in X mole percent.
Samples were characterized with X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoemission spectroscopy (XPS), ultraviolet photoemission spectroscopy (UPS), spectroscopic ellipsometry, and UV-vis absorption. A detailed description of all the equipment and characterization techniques used and of the gas sensing apparatus is reported in the Supporting Information.
Results and Discussion
Chemical and Structural Characterization. Figure 2 shows X-ray diffraction (XRD) patterns for the different samples prepared in this study; TiO 2 -NiO samples (Figure 2a ) are completely amorphous at 500°C, even after being annealed for 10 h (data not shown here), while crystalline phases are present at 600°C. Similar sol-gel thin films obtained from different precursors show crystalline NiO peaks even at 400°C, at variance with the results of our study. 54 In detail, at 600°C the Ti-rich sample 70TiO 2 -30NiO shows both TiO 2 -rutile (PDF 870920) and nickel titanate (NiTiO 3 ) peaks (PDF 760335), while the Ni-rich sample 30TiO 2 -70NiO shows only NiO peaks (PDF 471049); a further annealing (for at least 2 h) at the same temperature leads also to the formation of the NiTiO 3 phase (data not shown here). The 50TiO 2 -50NiO sample does not show any diffraction peak, even after being annealed at 600°C, but as with the previous sample, an extended thermal treatment at 600°C (2 h) leads to the formation of NiTiO 3 crystals (data not shown here).
All the samples containing Au (Figure 2b) show gold diffraction peaks (PDF 040714) at both 500 and 600°C, indicating, as described in the literature, that reduction of gold ions inside a sol-gel oxide matrix during the annealing of the film (see below for details) occurs at quite low temperatures, usually below 200°C. 55 It is also evident that the presence of Au NPs promotes the overall crystallization of the matrix: in fact, at 500°C NiO nanocrystals are already present in the 30TiO 2 -70NiO sample. This can be due to the very small lattice mismatch between the two cubic structures, which allows NiO to crystallize over gold nuclei (in a previous work, 56 we demonstrated the epitaxial growth of NiO over Au crystals inside a SiO 2 Figure 3 , one can see that an increase in the amount of NiO leads to a more irregular and crystalline film, also confirmed by XRD data. The difference in morphology can be easily related to the different amount of nickel ions in the sol-gel solution: in fact, thin films prepared from titanium alkoxide precursors are usually homogeneous and have a low degree of surface roughness, 57,58 while solutions of nickel salts dissolved in only a solvent usually lead to less homogeneous and rougher films. 59 Energy dispersive X-ray (EDX) results in terms of average atomic percentage are listed in Table 2 , together with the experimental and theoretical Ti:Ni ratios: the sample composition is confirmed here, taking into account that the error for the EDX measurement is around 5%.
Transmission electron microscopy (TEM) analysis ( Figure 4 ) revealed the presence of polydispersed Au NPs (σ = 4.2 nm) with an average diameter of 13 nm.
The visual contrast of the image in bright field TEM is related to two factors: mass-thickness contrast and scattering (diffraction) contrast. Elements with high atomic numbers (in this case, Au) maximize both components, with respect to the lighter oxide matrix components, so Au NPs appear in bright field TEM images as darker spots. Only for the Ni-rich sample can another crystalline phase (NiO) be detected inside the amorphous matrix, as confirmed also by the XRD data. Polydispersion of Au NPs comes from the poor control on the reduction process of Au 3þ ions inside the film: immediately after the deposition, there is no evidence of metallic gold inside the matrix, because the reduction occurs during the annealing process due to the thermal decomposition of gold chloride species (first a reduction from AuCl 3 to AuCl around 160°Cand then a second reduction to metallic gold at ∼200°C) and oxidation of the organic compounds that can act as reducing agents, donating electrons to gold ions and thereby leading to Au NP nucleation. 60, 61 Cross-sectional TEM images ( Figure 5) show Au NPs homogeneously dispersed through the film thickness, but other crystalline phases can be seen in the 600°C annealed sample. Fast Fourier transform (FFT) analysis of highresolution TEM images ( Figure 6 ) has been performed to measure lattice distances, and a comparison with theoretical data for different phases has been made. The measured lattice parameters are compatible with Au, TiO 2 -rutile, and NiTiO 3 phases, although some TiO 2 -anatase lattice planes are also present. This can be due to a partial crystallization of anatase that rapidly evolved into the rutile phase, also confirmed by XRD measurements performed on samples treated isothermally at 600°Cf o ru pt o1 0h or annealed progressively from 500 to 800°C( d a t an o t shown here). However, comparison with reference TiO 2 and Au-TiO 2 thin films shows crystalline titania only in the anatase phase, even with the 600°C treatment, while rutile is observed only for a higher annealing temperature, when the anatase crystals grow; therefore, the rutile phase becomes more stable, as described elsewhere. 62 Thus, the presence of nickel inside the matrix triggers the crystallization of TiO 2 in the rutile phase for low temperatures and small crystallite sizes, even if a partial transition process from amorphous to anatase and then to rutile is observed.
From the cross-sectional HR-TEM images reported in Figure 5 , the porosity of the film can be also recognized: the sample annealed at 500°C exhibits higher porosity than the sample treated at 600°C, but even after being annealed at 600°C, the film is still porous. In addition, both samples are slightly more dense near the surface. Ellipsometric measurements performed on these samples confirmed the thicknesses measured by TEM and revealed, even after 600°C annealing, a low refractive index, if compared to the expected value for a dense film with the same chemical and morphological composition, thereby highlighting the residual porosity of the nanocomposite films.
Refractive index values of all the samples are always less than 2 in the 800-1500 nm wavelength range, even after 600°C annealing: considering that the refractive index values for dense and fully crystalline NiTiO 3 ,TiO 2 -rutile, and NiO are 2.4, 2.7, and 2.18, respectively, [63] [64] [65] there is a large difference between measured and tabulated values, which can be ascribed to both the amorphous nature and porosity. To gain a more accurate indication on the porosity of such samples, ellipsometric analyses were performed under nitrogen and ethanol vapor atmospheres: pores are filled with nitrogen in the first case and with ethanol in the second one. The measured refractive index values can be written as follows: where N, E, and X represent nitrogen, ethanol, and the matrix volume fraction, respectively. By subtracting the two equations and realizing that the refractive index of the matrix is obviously the same in both measurements, and that the refractive index values of the pores filled with nitrogen and ethanol are basically the values for pure nitrogen (n = 1) and ethanol (n = 1.36), respectively, we are able to isolate the pore volume fraction as a function of the measured refractive index: Figure 7 shows the refractive index dispersion curves measured in nitrogen and ethanol vapors for a 50TiO 2 -50NiO sample containing Au NPs annealed at 500°C; at 1100 nm, the difference in the refractive index is 0.098, leading to a porosity volumetric fraction of ∼27%. Similar values of porosity fraction have been evaluated for the other samples with different compositions. It is noteworthy that this method underestimates the porosity, because it takes into account only open porosity and it is hard to specifically determine if ethanol enters all the open pores; therefore, this evaluation is on the conservative side, and it is reasonable to assume that the porosity is at least 27%.
To achieve a surface characterization of the studied films, we have measured the core level photoemission data obtained by using the XPS of the whole set of samples. However, differences are irrelevant in the XPS data of the samples with different TiO 2 -NiO compositions, and for this reason in Figure 8 , we report only the investigated XPS regions (i.e., Ni 2p, Ti 2p, and Au 4f) for the Au-70TiO 2 -30NiO nanocomposite sample [i.e., the most significant composition of the films in relation to gas sensing performance (see below)] after annealing at 500 and 600°C. The Ni 2p spectra are indicative of stoichiometric NiO, as evidenced by the position of the binding energy (BE) of the Ni 2p 3/2 component (855.8 eV), as well as by the intensity and energy spacing of the higher BE satellite lines. In the case of the Ti 2p photoemission spectra, the Ti 2p 3/2 peak is centered at 459 eV and is characterized by a full width at half-maximum (fwhm) compatible with just one component indicating the presence of fully stoichiometric TiO 2 . It can also be seen that core level XPS data do not undergo any significant change as a consequence of thermal annealing from 500 to 600°C: there is no modification either in the energy position or in the fwhm of both Ti and Ni photoemission lines. Even so, the fingerprint of the NiTiO 3 species would be quite difficult to resolve between NiO and TiO 2 , since the oxidation state of Ni 2þ and Ti 4þ is unaltered, so the presence of NiTiO 3 cannot be excluded. 66 However, from the surface stoichiometries obtained by XPS after annealing at 500 and 600°C (see Table 3 and compare with the corresponding data of bulk composition reported in Table 2 ), a surface segregation of the NiO component with respect to TiO 2 can be clearly observed. In addition, it can be seen that the surface stoichiometries of the samples treated at the two different annealing temperatures (500 and 600°C) remain essentially the same, excluding therefore any annealing-induced surface segregation phenomenon, albeit in the explored temperature range.
The Au 4f 7/2 photoemission line is centered for all samples at 83.8 eV which is in good agreement with the value reported for bulk metal Au (84.0 eV). The very small shift to a lower BE can be attributed to the presence of very small particles with an extended Au-O interface. Again, in the case of Au, no BE change can be observed for the sample treated at higher temperatures. The contribution to surface stoichiometry from the Au NPs (Table 3) is below the nominal bulk values ( Table 2) , indicating that they are predominantly located in the film bulk, in agreement with the cross-sectional HR-TEM images reported in Figure 5 . A somewhat higher signalto-noise ratio observed in the higher-temperature sample is connected to the almost triple value evidenced in Table 3 , which is possibly related to some temperatureinduced surfacing of Au NPs in the higher-temperature sample, which can be seen in Figure 5 .
To explore the possible presence of interfacial states among the TiO 2 and NiO nanocomposite components, we have also measured the valence-band (VB) region of the TiO 2 -NiO films with different compositions using UPS. The corresponding data are reported and assessed in the Supporting Information. According to them, we suggest that the films are a simple mechanical blend of the parent oxides and that possible interfacial states due to the previously observed Au-NiO epitaxial growth 56 are hardly visible when such a standard UPS technique is adopted.
Gas Sensing Tests. The nanocomposite films have been subjected to gas sensing tests according to the procedure described in Experimental Procedures. Samples without Au did not give any appreciable response to any of the tested gases, while thin films containing Au NPs gave a good response to only H 2 S; therefore, all results reported here refer to the Au-containing samples. Exposure to CO, H 2 , or propane produced almost no variation in the absorption spectra. Figure 9a shows the optical absorption spectra of the Au-50TiO 2 -50NiO film annealed at 500°C and collected at the operative temperature (OT) of 350°C in air and after H 2 S exposure. Tests at lower temperatures have also been performed, giving a weak or null response up to 200°C. Tests at an OT of 300°Chad quite good response but with longer recovery times, and the baseline sometimes was not fully recovered; therefore, each test reported here, if not specified, has been performed at an OT of 350°C.
A Au surface plasmon resonance (SPR) peak centered around 590 nm is clearly visible in the optical absorption spectrum; the peak wavelength position is substantially smaller than the expected value for Au NPs of the same size in a TiO 2 -NiO matrix, considering the tabulated refractive indexes for the two oxides: this is due to the residual porosity of the film, as described before, that lowers the average refractive index, causing a blue shift of the Au SPR peak. This behavior has been observed in all the samples prepared.
During H 2 S exposure, the form of the Au plasmon peak undergoes distinctive changes, i.e., a decrease in maximum intensity and a broadening especially at high wavelengths, while no shifts in the frequency of the peak have been observed in all the Au-containing samples (see Figure 2 of the Supporting Information). This behavior suggests an interaction between H 2 S and the surface of Au NPs, which leads to a reduction in the number of surface oscillating free electrons, due to a charge transfer between Au and S, with a depletion of Au d-electrons, that provides a decay path for excited s-electrons, spreading the surface plasma resonance over a wider range of wavelengths, damping and broadening the plasmon peak. The same behavior has also been observed on thin films composed of Au NPs dispersed inside a SiO 2 matrix, where no interaction is established between the target gas and the inert oxide matrix, so the variation in the optical properties is due to the interaction of hydrogen sulfide with Au particles.
Ellipsometric analyses performed on samples exposed to H 2 S at high temperatures and cooled at room temperature under H 2 S [sample named "frozen" (see the Supporting Information for details)] revealed a difference in the dielectric properties compared to those of pristine unexposed films only in the Au SPR wavelength range, while almost no variations in the refractive index are observed in the nonabsorbing region (Figure 9b ). Au-free samples did not present any relevant change in either refractive index or absorption coefficient, suggesting again a key role played by Au NPs in the interaction with the target gas. Significant sensitivity changes are observed in the films with different compositions, as seen in Figure 10a : the absorbance variation is lower for the NiO-rich nanocomposite film, while 50TiO 2 -50NiO and 70TiO 2 -30NiO films exhibited very similar behavior. Interestingly, the 70TiO 2 -30NiO nanocomposite film shows the best dynamic behavior, with a fast response after initial hydrogen sulfide exposure, a stable signal during the gas flow phase, and good recovery of the baseline level, as seen in Figure 10b . We observed that the dynamic variation of absorption measured at the maximum sensitivity wavelength [maximum of the optical absorption change (OAC) of Figure 10a ] is greater in 50TiO 2 -50NiO and 70TiO 2 -30NiO samples than in the 30TiO 2 -70NiO sample, but the Ti-rich sample shows also a slightly more stable signal and a faster recovery compared to the 50TiO 2 -50NiO film. As expected, all samples show almost no variation during hydrogen exposure, while the Au-TiO 2 reference sample gives a response to H 2 SbutalsotobothCO and H 2 , as already known from our previous work. 67 Because of the strong SPR of Au NPs in the visible region, the optical response of the sensor can be tuned by choosing an appropriate wavelength of analysis, as reported in literature for some oxide thin films containing Au NPs. 68 From the form of the OAC curves in Figure 10a , a negative minimum and a positive maximum can be determined. Exposure to H 2 S leads to a decrease in the optical absorption of the sample if the testing wavelength is near the minimum of the OAC curve, as reported in Figure 10b , while operating near the maximum of the OAC curve will lead to an increase in optical absorption. It is also possible to recognize some wavelengths in which the sensor response is null: this behavior allows the operator to tune the sensitivity of the optical sensor by selecting the analysis wavelength. Moreover, different gases usually promote different optical variations, so in principle, it is possible to selectively detect one particular gas inside a complex gas mixture by using wavelength modulation. 69, 70 As one can see from Figure 11a , the optical sensitivity of the nanocomposites annealed at 600°C is higher with respect to those annealed at 500°C. Also, the dynamic behavior (Figure 11b) is improved by the thermal treatment, and the response time is very fast (∼20 s to reach 90% of the total variation). There is a stable signal during hydrogen sulfide exposure, and the recovery of the baseline is almost perfect and rapid. This improvement of sensor performance can be directly related to the microstructure of the nanocomposite film: the annealing process induces further crystallization without compromising the porosity of the matrix, as confirmed by TEM and the ellipsometry measurements previously reported.
To check cross sensitivity to another gas species, during H 2 S (0.01%) exposure, H 2 (1%) was introduced inside the test cell, keeping the total flow rate constant. As one can see from Figure 11b , there is almost no response to hydrogen: this result confirms that the Au-70TiO 2 -30NiO sample can selectively detect hydrogen sulfide in a 100:1 H 2 /H 2 S mixture in air.
Further experiments with samples treated at 600°C were performed with lower H 2 S concentrations, and the results are reported in Figure 12 : upon examination of the spectrum in Figure 12a , the absorption value during 10 and 100 ppm H 2 S exposure is almost the same, but the dynamic performance is slightly different. This behavior suggests a saturation of reactive sites of the sample, even with 10 ppm, so an equilibrium between the absorption and desorption of H 2 S over the active surface occurs. Moreover, from the gas-to-air transient, a slower recovery of the baseline is observed after 100 ppm exposure, indicating a slower desorption of hydrogen sulfide and reaction products from the reactive sites. This can be related to the longer time needed to complete the evacuation of the test chamber after 100 ppm H 2 S exposure, compared to 10 ppm exposure, the flow rate being constant during the different tests. Figure 12b reports a dynamic test with H 2 S concentrations ranging from 2 to 10 ppm and the derivative of this spectrum: the saturation is still reached with 5 ppm H 2 S, while the absorption change during 3 and 2 ppm exposure is slightly lower, indicating that around 4 ppm H 2 S is the threshold for saturation of reactive sites. In addition, a decrease in target gas concentration produces longer response times, while for quite low concentrations, i.e., up to 10 ppm, recovery times are not affected by hydrogen sulfide concentration. This effect can be clearly seen in the derivative spectrum, where the negative peaks represent the air-to-gas transient and the positive peaks represent the gas-to-air transient. Comparing these peaks, we can see that the desorption behavior is very similar for the different concentrations (positive peaks are comparable in intensity and broadening) whereas absorption behavior changes significantly. Higher concentrations lead to very sharp and intense peaks (very fast response), while low concentrations result in broad and less intense peaks, indicating longer response times.
The material is therefore sensitive also to very low concentrations of H 2 S, with response and recovery times strongly related to gas concentration: for high concentrations (100 ppm), the recovery behavior is worse than at lower concentrations, indicating a desorption equilibrium, while for very low concentrations (few parts per million), the response time increases and eventually results in a saturation of reaction sites for H 2 S concentrations of >3 ppm.
Finally, we want to briefly discuss the possible mechanisms for interaction between H 2 S and the sensor. It is well-known that one of the most common ways to remove hydrogen sulfide from waste gases generated in industrial processes and to produce sulfur is the Claus method, a two-step reaction in which hydrogen sulfide is first thermally oxidized to sulfur dioxide (SO 2 ) and water at a high temperature (usually around 1000°C) and then a catalytic reaction between SO 2 and H 2 S takes place at a lower temperature (around 300°C), over some particular catalysts, leading to the formation of water and elemental sulfur. [71] [72] [73] The main reason for the development of this two-step process is that the direct oxidation of H 2 St o elemental sulfur, although thermodynamically favored at low temperatures, has a very low rate and yield of conversion, while the complete oxidation of H 2 StoSO 2 can be achieved only at high temperatures, for thermodynamic reasons. 74 It has also been reported that exposing metal oxides (like CuO, SnO 2 ,W O 3 ,a n dC r 2 O 3 )t oH 2 S at quite low temperatures (<400°C) usually leads to the formation of metal sulfides, which can then be oxidized by treatment in oxygen or air, resulting in the formation of the initial oxide and of gaseous SO 2 . [75] [76] [77] The sensing properties of these kinds of materials are related to the different electric conductivity of sulfide species compared to that of the initial oxide: a variation in resistivity is thus generated, which can be easily detected and related to H 2 S content. However, it has been demonstrated by a focused surface science study 78 that H 2 Sa b s o r b e do nT i O 2 reacts at temperatures above 300°C with surface oxygen and forms SO 2 which easily desorbs from TiO 2 .Itisnoteworthythata similar temperature range is required for the gas sensing activity of the presently studied nanocomposites. As a result, according to this whole body of data, it is reasonable to propose that SO 2 is the product of the interaction of H 2 S with the present nanocomposite sensor.
To demonstrate the presence of SO 2 in the exhaust gases of the sensor films under working conditions, Radiello diffusion samplers were used as described in Experimental Procedures. For this particular experiment, a 70TiO 2 -30NiO film containing Au NPs annealed at 500°C was used, and the operating temperature was 350°C. Sulfur dioxide was clearly detected as a reaction product, in an amount which increased with exposure time, confirming that the reaction of H 2 S with the sensor consumes the target gas.
The formation of SO 2 can be related to two different processes: either catalytic oxidation of H 2 S over the Au-TiO 2 -NiO nanocomposite or the rapid formation and decomposition of sulfide species due to reactions of the oxide matrix with H 2 S and O 2 . Some evidence of the actual mechanism operating in our sensors comes from XPS analysis performed on the 70TiO 2 -30NiO frozen sample, containing Au NPs and annealed at 500°C. In these data, the S 2p photoemission peak (see Figure 13 ) is centered at 169.5 eV, indicating the presence of highly oxidized SO x species, i.e., SO 2 , 79 while no evidence of sulfides has been found. In addition, no changes can be seen before or after the H 2 S dosing from the analysis of the XPS spectra of Au 4f, Ti 2p, and Ni 2p, and no modifications in XRD diffraction peaks can be envisaged either. This evidence supports a direct catalytic oxidation of H 2 S rather than a metal sulfide-mediated transformation. However, with regard to the role of Au in such a process, there is no direct evidence of that, except indirectly from the ellipsometric analyses performed on the frozen samples which suggests that the optical response is due to an interaction of the gas with the Au NPs. Most probably, XPS does not provide sufficient sensitivity to directly monitor the interaction of H 2 S with the few and mostly embedded Au NPs. Therefore, the evidence so far suggests that the probable mechanism for the overall process is a first interaction of H 2 S with the surface of Au NPs, which can be easily monitored from the modification of the Au SPR peak shape, and then a second step involving the catalytic oxidation of H 2 StoSO x occurs, as confirmed by Radiello sampler analysis combined to XPS and XRD measurements that show no formation of metal sulfides.
As known from Mie theory (and its extensions) and also reported in the literature, 80,81 a shell of a material with a high refractive index on Au NPs will produce a red shift of the Au SPR band, also with a very thin shell, while in our sample, no shift can be seen after H 2 S interaction. 
